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Abstract - Molybdenum is considered as one of the
important plasma facing materials (PFM) for the development
of fusion reactor. Energy differential and double differential
cross-section data is crucial to estimate material damage. In
the present study, energy differential and double differential
cross-section data of emitted proton and alpha particles
induced by (n,xp) and (n,xa) nuclear reactions for the natural
molybdenum at 14.1 MeV neutron energy have been calculated
at 109 302 60%, 902 and 120° angles using suitable nuclear
models in TALYS-1.9. The computation of energy differential
cross-section indicates that most of proton and alpha particles
emitted by (n,xp) and (n,xa) nuclear reactions for the natural
molybdenum are of 5 MeV and 13MeV, respectively.

Key Words: Plasma facing materials, Energy differential
cross-section, double differential cross-section, TALYS-
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1.Introduction

The construction of fusion power reactors would place very
demanding operating conditions on plasma facing materials
(PFMs). The PFMs are worked in an environment which
incorporates high energy incident particles and heat flux
from the plasma. The PFMs’ surface is exposed to
degradation because of energetic neutrons and ions fleeing
from plasma (1,2). PFMs with high performance under harsh
environmental conditions should be designed in order to
construct next-generation fusion (3). The
evaluation of nuclear heating and material damage of the

reactors

structural materials of the candidate reactors is very
important in the development of fusion reactors. One of the
key data for these estimates is the energy distribution and
angular distribution of charged particles (proton, deuteron,
alpha particle etc.) emitted as a result of neutron impact on
the reactor equipments, particularly the blanket and first
Therefore, accurate differential double differential
cross-section data plays crucial role in the design of the

wall.

reactor structural materials. (4)

High melting point (26232C), low erosion rate and
good thermal properties and some of the prominent
properties of Molybdenum which make it promising
candidate for PFM in the fusion reactor (3). Molybdenum is
considered as first wall material in fusion reactor (5). Even
at high temperature, molybdenum is one of the excellent
structural materials. As a result, it has a great potential for
use in neutronic applications such as controlled nuclear
fusion reactor (6).

In the present study, energy differential and double
differential cross-section data of emitted proton and alpha
particles for the natural molybdenum plasma facing material
have been calculated.

Molybdenum has seven stable isotopes i.e. 2Mo,
94Mo, %>Mo, ?6Mo, ?7Mo, ?8Mo and 19°Mo and their respective
abundance is 14.65%, 9.19%, 15.87%, 16.67%, 9.58%,
24.29% and 9.74%. As the importance of Molybdenum is
already discussed, molybdenum may be utilized in its
natural state in the upcoming fusion reactor ITER.

2. Materials and methods

The estimation of nuclear reactions plays a significant role in
the
experimental evidence in the literature (7). Energy

cross-section assessment due to insufficient
differential and double differential cross-section for the
stable isotopes of molybdenum have been calculated using

computer based nuclear reaction modular code TALYS-1.9

(8).

Basically TALYS-1.9. is one of the powerful nuclear
modular codes to predict reaction cross-section mechanism
by using different models such as pre-equilibrium,
compound, direct, optical model, fission, statistical nuclear
reaction model and provides a forecast for all open reaction
channels. For TALYS-1.9 involves photons, protons, neutron,
deuterons, tritons, alpha and 3He as incident particles in the
energy range from 0.001 MeV to 200 MeV and the mass
number (A) of the target nuclei can be vary from 12 to 399.
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The magnitude and the shapes of the excitation functions
from 0 MeV to 20 MeV are described by level density model
calculations using a set of default parameters in TALYS 1.9.
On the basis of different reaction mechanisms, such as
preequilibrium emission, direct reactions and compound
nucleus reaction, the code provides precise and complete
information of reaction cross-sections. The default
parameters for direct, pre-equilibrium and compound
nucleus reaction calculation are optical model, Exciton
model and Hauser-Feshbach model with Moldauer width
fluctuation correction respectively. Nuclear level densities
play crucial role during nuclear reaction calculation.

Various level density models have been used to optimize
input parameters. The models for level density used in
TALYS-1.9 are given below:

i. Ldmodell: Constant temperature and Fermi-gas
model (CTFM), in which the constant temperature
model is implemented for the low excitation energy
range and the Fermi-gas model is implemented for
the high excitation energy range.

ii. Ldmodel2: Back-shifted Fermi-gas model (BSFM).

iii. Ldmodel3: Generalized superfluid model (GSM).

iv. Ldmodel4: Microscopic level densities (skyrme
force) from Goriely’s table.

V. ldmodel5: Microscopic level densities (skyrme
force) from Hilaire’s combinatorial tables.

vi. Ldmodel6: Microscopiclevel densities (temperature
dependent HFB, Gogny force) from Hilaire’s
combinatorial table.

Koning and Delaroche proposed local optical model. This
model is implemented in TALYS-1.9 for the calculation of
direct reaction. Contribution of Compound nuclear reaction
to EDX data has been calculated using the Hauser-Feshbach

model and is given by the following formula (9)

do > Tb(U,J, o, E 1 o)pb(E,I o)
E‘ZUCN (Ea) T(U,J,m)

Where ‘@’ represents projectile particle while ‘b’ represents
ejectile particle. cCN represents the production cross-section
of compound nucleus for projectile having energy Ea, I, is
the transmission coefficient for ejectile 'b’, pb(E,LIl) is the

nuclear level density of the residual nuclei, (E,IIT) and (U,],IT)

represents energy, angular momentum and parity of residual

and compound nucleus, respectively.

On the other hand, Pre-equilibrium reaction has been
evaluated using the two-component exciton method of

Kalbach (10). and given by the formula,

2
do ..
E: Y Z Z mk(pn-hn-pn-hn-Ek)Spre(pn-hn-pn-hn-Ek)

Po=pg Pn=pj

Kalbach method (10) has been used to calculate DDX and
given by following formula -

dUPE dgtomp

dzﬁl‘lk 1
-—|—+
AT

dEd0 411

pr_t (cosh(beos8) + fiysp (B )sinh(beost)

Where f5pis called multi-step ratio and given by

dUPE dGPE dgeopm
fuso = dEk/ldEk E, l

The nuclear model variables were optimized by comparing
the computed (n, p) and (n, a) reaction cross-sections from
TALYS-1.9 with experimental data from the EXFOR data set
for all stable Molybdenum isotopes and then the same
nuclear parameters have been used for calculating energy
differential and double differential cross-section for the

stable isotopes of Molybdenum.
3. Result and discussion

For (n,xp) and (n,xa) reaction pathwayss, EDXs and DDXs
are calculated for the seven stable isotopes of Molybdenum.
To calculate EDX and DDX for natural molybdenum, input
data are optimized by comparing experimental cross-
sectional data of all the stable isotopes of molybdenum with
calculated cross-sections.

3.1 (n,p) and (n, a) reaction cross-section of 92.98Mo

To optimize input parameters, (n, p) and (n, «) reaction
cross-section of all the stable isotopes of molybdenum has
been compared with the experimental data present in
EXFOR data library. In figure 1, 2,3 and 4, we have shown the
computed excitation function of 9298Mo(n,p) and 9298Mo(n,
o) with experimental data. Similarly, (n,p) and (n,a) reaction
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cross-section for all other stable isotopes of molybdenum
has been calculated.
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Fig-1: Cross section of 2Mo(n, p) 2Nb reaction.
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Fig-3: Cross section of 92Mo(n, a) 8Zr reaction.
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Fig 4: Cross section of ?8Mo(n, a) %Zr reaction.

3.2 EDX for (nxp) and (nxa) reaction on
92,94,95,96,97,98,100M o

The calculated EDX for (n,xp) reactions on all the stable
isotope of molybdenum are shown in figure 5, 6, 7, 8, 9, 10
and 11. The contribution of different reaction mechanismi.e.
direct, compound and pre-equilibrium reaction is also shown
inrespective figures. There is no experimental data available
in EXFOR for molybdenum regarding EDX at 14.1MeV energy
of neutrons.

From the calculation of EDX for ®2Mo(n,xp) reaction
which is shown in fig. 5, it is observed that compound
reaction majorly contributes to the energy spectrum of
outgoing protons while contribution of pre-equilibrium and
directreaction is negligible to total EDX. The contribution of
direct reaction is least significant. °*Mo(n,xp) reaction, as
shownin fig. 6, is also proceed through compound reaction
mechanism. The contribution of pre-equilibrium reaction is
also appreciable while the emission of proton via direct
reaction mechanism is negligibly low.

EDX for 959697.98100Mo(n,xp) is shown in fig. 7, 8,9, 10 and
11, respectively. From the figures, it is obvious that the
energy spectra of proton emission from 95.96.97.98100Mo(n,xp)
reactions are proceeds mainly via pre-equilibrium reaction
mechanism. The contribution of direct reaction mechanism is
also started to come into the pictures at higher energy of
proton emission and the contribution of compound reaction
mechanism to the total EDX is appreciable only at the low
emission energy of protons.
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EDX calculation for

reactions are shown in figure 12, 13,

92,94,95,96,97,98,100M o (n,x 1)

14,15,16,17

and 18 respectively. Energy spectra of 2Mo(n,xa)
in fig.12 shows that the reaction mainly proceeds
through compound reaction while pre-equilibrium
reaction dominates for 949596,97.98100Mo(n,xa)
reactions and contribution of direct reactions is

either low or negligibly small.
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Fig-12: EDX of (n,xa) reaction on 22Mo at 14.1 MeV

neutron energy.
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3.3. DDX for (nxp) and (nxa) reaction on
2 9Mo(n.xa) 92,94,95,96,97,98,100M o

The double differential cross-section (d2c/dEdQ) for proton
_ _B?::ét and alpha particles have been calculated for
E Pre-equi. 92,94,95,96,97,98,100M o at emission angle 102, 309,602, 902, 1202
g Compound at 14.1 MeV incident neutrons energy by using TALYS-1.9
Wy | code. There is no experimental data available in EXFOR data

X library for validating theoretical calculation.
The DDX spectra for proton emission at different
angles are shown in fig. 19, 20, 21, 22, 23, 24 and 25 for
0 . : L . : : 92,94,95,96,97,98,100M 0. From fig. 19, for 92Mo one can see that the
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Fig-16: EDX of (n,xa) reaction on ”Mo at 14.1 MeV
neutron energy.
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Fig-17: EDX of (n,xa) reaction on %Mo at 14.1 MeV
neutron energy.
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Fig-18: EDX of (n,xa) reaction on 19°Mo at 14.1 MeV

neutron energy.

pre-equilibrium reaction is dominant for proton emission
whereas contribution of direct and compound nucleus
reaction is negligible.

In fig. 20 DDX spectra for emitted proton from %Mo
shows that pre-equilibrium reaction and compound nucleus
reaction mechanism play a significant role and the
contribution of direct reaction is negligible.

DDX for emitted spectra of proton emitted from 9596.97.98Mo
depicted in fig. 21, 22, 23 and 24 respectively and from the
figuresitis clear thatall three reactions i.e. pre-equilibrium,
direct, and compound nucleus reaction contribute
significantly to the total DDX but DDX for proton emitted
from 199Mo represents that contribution of compound
nucleus reaction is negligible, as shown in fig. 25.

The DDX spectra for alpha emission at different
angles are shown in fig. 26, 27, 28, 29, 30, 31 and 32 for
92,94,95,96,97,98,100Mo. Fig. 26, 27, 28 and 29 show that alpha
particles emitting from 92949596Mo(n,xa) reaction mainly
through compound nucleus and pre-equilibrium rection
whereas for 97.98100Mo alpha particles emitted through pre-
equilibrium rection and the contribution of direct reaction
and compound nucleus reaction is either low or negligible.
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Fig-26: DDX of 92Mo(n,xa) reaction at 14.1 MeV neutron energy at 102, 302, 602, 902 and 120°.
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3.4. EDX and DDX spectra for NatMo(n,xp) and
NatMo(n,xa) reactions

The aim of the present study is to calculate EDX and DDX for
(n,xp) and (n,xa) reactions on natural Molybdenum at 14.1
MeV neutrons energy. The EDX and DDX for (n,xp) and (n,xa)
reaction channels are calculated for 929495969798100M,
Isotopic abundance and calculated EDX, DDX of stable
isotopes of molybdenum are used to estimate EDX and DDX
data for natural molybdenum.

From fig. 33 and 34, it is obvious that the most
probable energy of outgoing protons and alpha particles due
to 14.1 MeV energy neutrons is about 5 MeV and 13 MeV
respectively. There is no experimental data available for
energy differential of (n,xp) and (n,xa) reaction channels at

14.1 MeV energy of incident neutrons.
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Fig-33: EDX of (n,xp) reaction on NatMo at 14.1 MeV

neutrons energy.
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Fig-34: EDX of (n,xa) reaction on NatMo at 14.1 MeV

neutrons energy.

For incident neutron energy 14.1 MeV, the DDXs (d20/dEd(Q)
for the emitted proton and alpha particles has been
calculated using TALYS 1.9 for natural molybdenum at five
different emission angles i.e., 102, 302, 602, 902 and 1202
which is represented in fig. 35 and 36. There is no
experimental DDX data available in EXFOR data library with
which it can be compared. The alpha and proton emission
from NatMo target nuclei has nearly almost isotropic
distribution.
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Fig-35: DDX of (n,xp) reaction on NatMo at 14.1 MeV

neutrons energy.
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Fig-36: DDX of (n,xa) reaction on N2tMo at 14.1 MeV

neutrons energy.

4. CONCLUSIONS

Energy differential cross-section (EDXs) and double
differential cross-sections (DDXs) data of emitted proton and
alpha particles induced by (nxp) and (nxa) nuclear
reactions for the natural molybdenum plasma facing
material at 14.1 MeV neutron energy have been calculated at
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109, 309, 602,902 and 1202 angles using TALYS-1.9 and the
following conclusions have been derived from the current
research study. This can be summarized as follows:

e Inthecurrentstudy, (n,xp) and (n,xa) reaction EDX
and DDX for the natural Molybdenum is calculated
using versatile nuclear modular code TALYS-1.9 at
neutron energy 14.1 MeV.

e The goal of the computation was to determine how
much the pre-equilibrium, compound nucleus and
direct reaction mechanisms contributed to the total
reaction cross-section.

e DDXs are evaluated in various angles which show
that more particles released in the forward
direction.

e The proton and alpha particle emission from the
NatMo target nuclei are almost isotropically
distributed.

e Forallthe angle considered from 102 to 1209, there
is a proton peak around 5 MeV.

e Forallthe angle considered from 102 to 1209, there
is alpha peak around 13 MeV.

® These calculated EDX and DDX data can be use to
predict nuclear heating, gas production per atom
(GPA) and displacement per atom (DPA) in
Molybdenum.
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